X-Ray photoelectron spectra were measured when the excited X-rays were impinged on a Ag surface with a grazing angle. The spectral backgrounds owing to the electron inelastic scattering in solids were lower when the incident X-rays were totally reflected than when the X-rays were not totally reflected. We developed a new method to estimate the electron inelastic mean free path (IMFP). The IMFP was estimated to be 1.00 nm, which was one half of the usually accepted length, for 1630 eV kinetic energy electrons in Ag from the reduction factor of the backgrounds of the total reflection Xray photoelectron spectra. Keywords X-Ray photoelectron spectroscopy, total reflection X-ray, electron inelastic scattering, inelastic mean free path, silver
The penetration depth of X-rays used in X-ray photoelectron spectroscopy (XPS) is usually more than 1000 A, thus photoelectrons are generated in the deep places of a solid as well as at the surface. However, the photoelectrons emitted in the deep places of a solid lose their kinetic energy during traveling in the solid. The inelastic mean free path (IMFP) of a photoelectron in a solid, which is defined that the 1/e of initial electrons lose their kinetic energy after they travel the IMFP1, is an important parameter for surface analysis. This is because the IMFP is a measure of surface sensitivity. The IMFP is about 20 A in any solids we measure using XPS, but it depends on the material as well as the kinetic energy of the electron, because the energy loss is mainly due to the plasmon, phonon, or electron excitation in the solids.
The linear integral equation of the second kind (Fredholm type)2 j(E) = F(E) + 2 f K(E,E' E) j (E')dE' (1) with the kernel K(E,T) is a mathematical expression for the XPS of solids, where j(E) is the observed electron energy distribution curve (EDC) after traveling in the solid and F(E) is the EDC observed at an adjacent place to the emitter atom in the solid without energy loss. The probability of an electron, which has kinetic energy E, losing its energy by dTduring traveling in the solid in the length 8R is expressed by K(E, T )dTdR. 3 The physical meaning of the eigen value 2 is the information depth, which is defined in XPS as 1 _1+l 2 2X
where lie and 2x are the photoelectron inelastic mean free path and the X-ray evanescent length in the solid, respectively.4 When the photoelectron detection angle 0 is different from normal to the surface, we must replace 'e by ).ecos 0. Here a is the angle measured from the normal to the surface. The escape depth is usually defined as I,ecos 9.4 The spectrum F(E) is the XPS spectrum not having a background such as gas phase XPS spectra. The function j(E) has a large background in the low kinetic energy side of the XPS peak due to the inelastic scattering of electrons in the solid. We often encounter Eq. (1) in transport phenomena. It is impossible to obtain F(E) from j(E) by the numerical deconvolution because of the white noise in the measured 1(E)• To choose several information depths 2i, , we have used the X-ray total reflection technique in the present study. The total reflection X-ray photoelectron spectroscopy (TRXPS) was first proposed and performed by Henke.5 Mehta and Fadley6'' applied this to investigate solid surfaces. Recently, Chester et al.8'9, Jach et a1.4"0, and the present authors" '8 used TRXPS to analyze surface chemical states. We have reported in a previous paper19 by a numerical simulation that an XPS background due to the inelastic electron scattering was reduced when the X-rays were totally reflected. Detailed analysis of the measured reduction of backgrounds due to the total reflection was not reported so far. In the present report, we demonstrate that the backgrounds in the XPS excited by totally reflected Xrays are reduced, and we show how we can estimate 2e from the observed spectrum j(E) based on the Tougaard's kernel K(E, T).2° A preliminary report was presented in ref. 21 .
Experimental
The sample measured was vacuum-evaporated thick Ag layer on a 3-inch-Si(1 0 0) wafer. The substrate Si-XPS signal was not observed due to the thick Ag layer. Total reflection X-ray photoelectron spectroscopy experiments were performed on a double-crystal InSb(111) (d~0.374 nm) monochromator beamline (BL-11 B)22-2a at the Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization (formerly National Laboratory for High Energy Physics), Tsukuba, Japan. The synchrotron radiation X-rays from a bending magnet were firstly filtered by a Ni coated mirror to remove high energy continuum X-rays, then it was monochromated to be 2000.0 eV by the monochromator.
The electron energy analyzer was a concentric hemispherical electron analyzer made by Rigaku Co. (XPS-7000 system). The angle between the incident X-ray beam and the electron energy analyzer was 75° (e=15°). Thus the escape depth was approximately the same (cos 15°=0.97) as the IMFP in the present study. A schematic illustration of the present experimental setup is shown in Fig. 1 .
Details of the vacuum chamber used were described by Takata.25 The vacuum chamber was evacuated till 10-' -10.8 Torr. The 2.5 GeV positron storage ring current was 330 -250 mA during measurement. The Xray beam size at the sample was restricted to 7.0 mm (vertical) and 1.0 mm (horizontal) by slits. The incident X-rays were linearly polarized; the electric vector was in a horizontal plane. The electric vector (E in Fig. l) was approximately perpendicular to the specular surface of the sample. Though the X-ray reflectivity depends on the polarization; the difference of reflectivity between s and p polarizations was of the order of O(42),26 thus it was negligibly small for small 4, where 4 was the glancing angle of the incident X-rays and was ranging between 0 and 200 mrad for the present experimental condition. The incident X-ray intensity was monitored by measuring the drain current from the sample.
Results and Discussion
The sample drain current was measured as a function of glancing angle for 2000.0 eV incident X-rays and is shown in Fig. 2 . The glancing angle at which the sample current had a maximum was 26.0 mrad. The critical angle of the X-ray total reflection could be determined by the electric current maximum of the sample when rotated as has been reported in previous papers. 27, 28 The X-ray refractive index n is expressed as n= 1-8-ifl, and the critical angle 4 e of total reflection is 2S . Then the X-ray intensity T(~) on the surface where U , 4 2-2S-2if , and Re and Im indicate the real and imaginary parts of U, respectively. We display the surface standing wave intensity, T(4), in Fig. 3 , which has been calculated using n tabulated in Henke et al. 31 The agreement between the measured current intensity curve (Fig. 2 ) and the calculated X-ray intensity curve ( Fig. 3) is satisfactory; the observed critical angle and the curve profile are reproduced by the calculation. The major source of difference between the measured (Fig. 2 ) and calculated ( Fig. 3) profiles is the neglect of geometric factors in the calculation.
In the experiment, the effective area of the sample surface was changed with the change of the glancing angle, but the effective detection area was not changed. The distance between the sample and the detector also changed as the sample rotation. The glancing angle in Figs. 2 and 3 was very precise (the angle at which the intensity is maximum is identical between Figs. 2 and 3 ), thus we have used the glancing angle in Fig. 3 for the estimation of X-ray evanescent length. The evanescent length of X-rays 2x is expressed as
where A is the X-ray wavelength.30 This relation is shown in Fig. 4 for 2000.0 eV X-rays impinging on Ag.
We have measured the XPS spectra at 4=20, 26, and 97 mrad, which corresponds to the angles of maximum electric current (26 mrad), and of half maximum current (20 and 97 mrad). The X-ray evanescent length of these glancing angles are 2.4, 3.8, and 65.7 nm, respectively, read from Fig. 4 .
The measured wide scan XPS spectra are shown in Fig. 5 . The inelastic backgrounds which extend to larger binding energy from the Ag 3d peaks are weak for totally reflected X-ray excitation (20 mrad), but are strong for larger glancing angle X-ray excitation (97 mrad).
The observed XPS spectra j(E) of exponentially distributed emitter atoms in a solid in such a way that (number of atoms) a exp(-z/2x), where z is the depth from the surface, is3,
Here F(E) is the true XPS spectral function without energy loss, and B2866 eV, 01643 eV2 for Ag.20 8 is the electron detection angle measured from the normal to the surface, and was 15° in the present experimental condition. We have calculated j (E) in Eq. (2) for ).x=2.4 and 65.7 nm; 2e is here an adjustable parameter and we changed it from 0.5 to 10 nm. Representative spectra calculated for 2e=0.50, 1.00, and 5.00 nm as well as the observed spectra are shown in Fig. 6 . The observed spectral background ratio (1.76) at 500 eV binding energy (Fig. 6a) is reproduced in Fig. 6c (1.74) ; the background ratios in the simulated spectra were 1.40, 1.74, 2.28, and 2.65 for IMFP of 0.50, • 1.00, 2.00, and 3.00 nm, respectively. Consequently, 2e1 .00 nm. The energy loss spectra between 0 and 60 eV have fine structures originating from the plasmon, and thus they cannot be expressed by the Tougaard's kernel, but those between 60 and 150 eV are monotonous and the agreement between experimental spectral shapes and Tougaard's kernel is satisfactory.20 Thus we used the background intensity ratio at 130 eV lower than the Ag 3d peak. This Ae is the IMFP of 1630 eV electrons (the Ag 3d binding energy was 370 eV and incident X-ray energy was 2000 eV).
The reliability of the present IMFP estimation depends on the choice of Tougaard's kernel. If the kernel is inappropriate, then the present results also have faults. However, the present kernel is that of Ag, which is one of the most reliable kernels proposed by Tougaard.20 This is the reason that we measured Ag XPS. Another source of error in our estimation of IMFP is the neglect of the electron transmission function of electron energy analyzer. The transmission probability depends on the electron energy. However, in the present estimation, the electron energy was ranging between 1500 and 1630 eV, such values were high enough and the energy dependence was negligible, because the transmission probability depends mostly on the low kinetic energy electrons.
The evaporated Ag layer has significantly less density than the bulk, and its surface is not perfectly flat. The density used for the calculation of the evanescent X-ray length (',x) was that of bulk. The density effects of the sample used were canceled out because the density dependence of Ax is similar to that of Ae. Thus the IMFP determined in the present work is that of the bulk value. Moreover, we selected two glancing angles (20 and 97 mrad) at which the evanescent lengths were not drastically changed, as is shown in Fig. 4 . Thus the present IMFP is not sensitive to the experimental uncertainty of the glancing angle measurement. From Fig. l In summary, we have measured Ag X-ray photoelectron spectra using the total reflection X-rays, and observed the reduction of backgrounds compared with non-total reflection condition. From this reduction factor, we have determined that the inelastic mean free path of electron whose kinetic energy is 1630 eV is 1.00 nm in Ag, which is one half of those values in the literature.
